Both the magnitude and alignment of the transferred angular momentum in the reaction 165Ho + 165Ho have been measured as a function of Q-value via continuum y-ray multiplicity and anisotropy techniques. The spin transfer and the continuum y-ray anisotropy increase throughout the quasielastic region. The spin transfer as a function of Q-value saturates at -35h/fragment, the anisotropy peaks at a value of ~2 and then decreases to near unity for the largest Q-values. The observed anisotropies are in good agreement with predictions from an equilibrium statistical model in which thermal excitation of angular-momentum-bearing collective modes and neutron evaporation give rise to in-plane components of the angular momentum.
Experimentally, large anisotropies (3-4) have been observed for discrete lines 17 -19 ) from heavy-ion reaction products at small Q-values and substantially smaller anisotrop at larger Q-values. In contrast, for both light and heavy systems, only small anisotropies have been observed for the continuum y-ray spectrum 1 -6 , 18 -21 ) . If there is a substantial admixture of dipole transitions in the predominantly quadrupole y-ray cascade, a small anisotropy would be observed even if the fragment spins are perfectly aligned. This may be the dominant effect for light nuclei where the proportion of dipole transitions present in the continuum y-ray spectra can be large. An alternative explanation is that these small anisotropies and associated large second rooments are the result of random spin fl t t . [13] [14] [15] 22, 23) f "th t 1 th 1 t uc ua 1ons o e1 er a quan a or erma na ure.
In the available continuum y-ray studies, the evidence for the magnitude and nature of the spin fluctuations is not conclusive because of the small anisotropies observed, and because of uncertainties in the multipolarity of the continuum y rays and in the corrections for particle emission. A more compelling case for the existence of spin fluctuation can be made if one chooses a system where the y-ray anisotropy is observed to vary from small to large. Then, if the y~ray multipolarity admixture is measured and corrections for the effects of particle emission are made, these changes in the anisotropy can be related to corresponding variations in the spin a 1 i gnment.
In this paper we report the simultaneous measurement of the magnitude transferred and alignment of the 4angul ar momentum in the 8.5 MeV I amu 165 Ho + 165 Ho reaction as a function of Q-value via continuum y-ray multiplicity and anisotropy techniques. This system was chosen because large amounts of angular momentum can be transferred into the intrinsic spin (I) of these heavy rare-earth nuclei (see Table 1 ), which are known to have good rotat . 1 t. 24 ' 25 ) F th th t t t. 1 1ona proper 1es
. ur ermore, e s eep mass-asymme ry paten 1a
for this symmetric system causes the reaction products to lie within a narrow range of Z-values centered around symmetry and minimizes ~-fractionation effects 9 ). As a consequence, both of the essentially identical product fragments emit similar continuum y-ray spectra which are strongly enriched in E2 transitions (~80%) as discussed in sect. 3.
In sect. 2 the experimental apparatus and techniques are outlined.
Continuum y-ray spectra, average multiplicities <M > and anisotropies as a -5-readily obtained on target. Particle singles and particle-y coincidence data were accumulated event by event on magnetic tape.
Particle detectors
Reaction fragments were detected in three independent particle detection systems, placed at identical angles to the beam axis in two perpendicular planes, as shown in fig. 1 . Two of these detection systems (1) and (2) consisted of a single 300-~m surface barrier detector, whereas the third contained an 11-~m 6E detector in front of a 300-~m E detector. This telescope was used to monitor the width of the product mass distribution as a function of Q-value. Electropolished circular collimators were used both to eliminate detector edge effects, and to minimize slit scattering. Absorbers of 0.5 mg/cm 2 Au were placed in front of the Si detectors to shield them from low-energy electrons. The solid angles of the particle detectors were matched to ~s%.
Each particle detection system was aligned with a transit to better than 0.3° in both the horizontal and vertical directions. This alignment was verified at the beginning of the experiment by comparing the observed yields of elastic scattering at identical angles. Since the final beam collimator was 5 mm in diameter and 20 em from the target, small changes in the beam position on the target were possible. These changes affected the scattering angle and therefore the scattered particle yields. During the experiment, the beam position was continuously monitored by comparing the left-right (detectors 1 and 3) and horizontal-vertical (detectors 1 and 2) yields of elastic scattering.
The particle detectors were calibrated using the kinematically calculated energy of the elastic peak. Corrections were made for pulseheight defect 27 ) and for energy losses due to the thicknesses of the target and absorber 28 ). The linearity was verified using an electronic pulser.
-6-
y-ray detectors
Unresolved r rays emitted from the de-exciting fragments were detected in three electronically stabilized 12.7-cm diameter by 15.2-cm deep Nai detectors. Two of these detectors (1 and 3) were placed in the same horizontal plane as the particle detectors (1 and 3), and detector Nai(2) was placed in the same vertical plane as particle detector Si(2), as shown in fig. 1 .
In order to improve the photopeak-to-Compton ratio, the Nai detectors were collimated to 8.0-cm diameter by means of 5-cm thick tapered Pb annuli.
These detectors were placed 60 em from the target in order to keep prompt r-r summing to <5% for events with multiplicities -40. This 60-cm flight path also permitted the separation of neutrons from y rays by time of flight as shown in fig. 2 . Assuming a quasi-maxwellian distribution for the neutron energy, it is found that less than 5% of the neutrons had enough energy to arrive within the y-ray time window.
The Nai detectors were calibrated for both energy and efficiency using cascade transitions in 60 co, 88 v, 152 Eu, and 207 si. A separate 7.6-cm x 7.6-cm Nai detector was set to trigger on one transition of the cascade, and the other transition was looked for in detector Nai(1, 2, or 3).
The ratio of coincidences to singles, corrected for the y-ray angular distribution, internal conversion and branching ratios, gave an absolute calibration for they-ray detection efficiency as a function of energy.
In addition, a Ge(Li) detector was placed in the horizontal plane to search for discrete transitions from product nuclei. Unfortunately, no discrete lines were observed due to the low overall coincidence efficiency of this detector and the variety of product nuclei formed. Continuum y-ray anisotropy data obtained using this detector agreed with that from the Nai detectors.
System Geometry
In order to improve statistics and to reduce possible systematic uncertainties in the measured y-ray multiplicity (M ) and anisotropy (A), a y highly redundant detector geometry was utilized to obtain several independent measurements. Particle detectors Si(1), Si(2) and Si(3) together with the beam direction defined two mutually perpendicular reaction planes (see fig. 1 ).
Measurements of the average y-ray multiplicity were made by taking the ratio between the yield from a Nai detector in coincidence with a Si detector (Yy.-p.) and the singles yield from the same particle counter The proportionality factor involves a correction for both the Nai efficiency and the angular distribution of the emitted y-rays, W(e), where e is the angle between the y-ray counter and the perpendicular to the reaction plane defined by the particle detector and the beam. Whenever the latter correction is not made, we will refer to "in-plane" or "out-of-plane" multiplicities, depending on whether i = j or i * j respectively. Four combinations were used in the evaluation of the multiplicity: (a) Y P I YP , Similarly, the anisotropy is calculated from the ratio between the in-plane and the out-of-plane yields of they-ray counters:
In two cases, the combination of two y-ray detectors in coincidence with one particle counter were considered (Y /Y andY /Y ). y2-P2 Yl-P2 yl-Pl y2-pl These measurements were sensitive to the efficiency of the Nai detectors but were insensitive to differences in the solid angles, angular positions or gains of the Si counters. Two other combinations involved the use of one Nai in coincidence with two particle detectors (Y /Y yl-Pl yl-P2 andY /Y ). In this case the results had to be y2-p2 y2-pl corrected for differences in the singles yields of the Si detectors but they were insensitive to variations in the efficiency of the y-ray detectors. To reduce both statistical and systematic errors, averages of the different types of measurements were used and the uncertainties reduced accordingly.
Particle detector 3, the AE-E telescope, was not utilized to measure either the multiplicity or the anisotropy due to the larger uncertainty in its energy calibration caused by the additional detector. Nai(3) was mainly used to assess the magnitude of the corrections resulting from the Doppler shift 29 ). The detector combination Si(l)-Nai(3) gave rise to the largest correction. Doppler shift corrections for the other combinations were less than the statistical uncertainties. Data from Nai(3) (not shown) were also used to verify the in-plane isotropy of the y-ray angular distribution and to obtain a 30° out-of-plane data point (Si(2), Nai(3)).
Electronics
To accumulate particle-y coincidences and particle singles data, standard linear and logic electronic modules were used as shown in fig. 3 .
The logical "OR" of the constant-fraction timing signals from each of the three Si detectors was used to start four TACs. Each y-ray detector stopped a separate TAC. Particle singles data could be "scaled down 11 by powers of two in order to reduce the density of singles events on magnetic tape. The -9- logical "OR" from these scale-down modules or the logical "OR" from the valid TAC outputs generated a "master gate" signal which opened all of the linear gates. Linear signals from each particle detector, each y-ray detector, and each TAC were presented to a 16-channel multiplexer. Each of these 12 parameters was digitized sequentially in an 800-MHz ADC which was interfaced to a MODCOMP IV/25 computer in a direct memory processor mode. In addition, a 11 Tagword", constructed by different bits being set for each particle detector and valid TAC received, was appended to the stored event. Particle singles could be reconstructed by gating on proper values of the tagword.
Data u i s i t i o n an d an a l i s
These 13-parameter event-by-event data were written on magnetic tape in 1000-word blocks via the program CHAos 30 ), developed at this laboratory.
The extensive monitoring features of this program, including gated spectra, were used to monitor proper operation of all detection systems throughout the experiment. A high-speed off-line sorting program 31 ) (EVA= EVent Analysis) was used to break out various subsets of the data. These results were displayed, printed, plotted and analyzed (e.g., summed, compressed, etc.) by the program SUSIE 32 ).
Experimental data
3.1 Particle energy spectra Figure 4 shows the energy spectra obtained before (23°), at (27°), and behind (31°) the grazing angle (see Table 1 ). A strong elastic peak is observed before and at the grazing angle. The width of the elastic peak was determined mainly by the angular acceptance of the Si detectors, which was originally chosen to be ±3.4° for the 23° data. This resulted in a FWHM of -60 MeV for the elastic peak. Since adequate beam current was available, the acceptance angle was decreased to ±2.2° for the 27° and 31° data, thus improving the resolution to ~40 MeV. As was observed for other 33) with systems 1 similar ratios of kinetic to Coulomb barrier energies, the broad quasi-elastic (QE) and deep-inelastic (DI) components overlap somewhat. This effect may be observed in the particle spectra as a function of lab angle (see fig. 4 ). At 23°, the quasi-elastic and deep-inelastic components form a wide shoulder on the elastic peak. At 31°, both the elastic and most of the quasi-elastic components have disappeared, leaving only the lower energy deep-inelastic peak.
y-ray spectra
For nuclei at high spin, the many available decay paths dilute the intensity of discrete lines, and an unresolved spectrum is all that one observes even with a Ge(Li) detector. In order to understand the information content of these unresolved transitions, it is useful to plot the possible shows that the high-energy region (2-5 MeV) is essentially isotropic, whereas the low-energy region contains a "bump" which is significantly more pronounced in plane. These spectra can be interpreted as follows: The isotropic high-energy tail is caused by statistical transitions. The bump is caused by the yrast-like and yrast transitions, and their in-plane dominance is due to the fact that for nuclei whose spins are nearly aligned perpendicular to the reaction plane, the stretched E2 angular distribution peaks in plane.
In-plane y-ray spectra, normalized so that the integral of each curve is equal to the average multiplicity <M >, are shown in fig. 6 (b) for several y Q-value regions. In each of these spectra there is an obvious E2 bump whose high-energy edge moves to higher energies as the Q-value increases. Within the deep-inelastic region (-400 MeV < Q < -150 MeV) the upper edge of the E2 bump is constant. Since E ~I for rotational nuclei, they rays y deexciting the states of highest spin occur on the upper edge of the E2 bump.
The edge of the bump, by moving to higher energies with increasing Q-value, implies that the spin transfer also increases. For very large Q-values where the upper edge of the bump is stable, the spin transfer has saturated.
This dependence of spin transfer on the reaction Q-value is seen more clearly in they-ray multiplicity data presented in sect. 3.4.
Recent studies of unresolved y-ray energy spectra from compound nucleus reactions have shown that these spectra contain quantitative information on the number of statistical transitions in they-ray cascade 38 ). Figure 7 indicates how the number of statistical transitions was extracted by fitting the data with the empirical form(e) of the E1 spectrum
where T is an effective temperature which turns out to be 0.6 MeV and C is a normalization constant. The integral of P(E ), normalized to fit the data at Table 2 . Over the Q-value region -60 MeV to -425 MeV, the fraction of statistical transitions is nearly constant (-17%). However, the number of these El transitions per fragment increases from 1.5 to 2.7.
Recent results from compound nucleus studies also demonstrate that the number of statistical transitions increases with the excitation energy of the product nucleus 38 ).
3.3 "Raw" vs "unfolded" y-ray spectra
Although the collimated large-volume Nai detectors used in this experiment exhibited good photopeak-to-total ratios (-50%), the energy spectra were sti 11 contaminated by Compton events. The "raw" spectra were "unfo 1 ded" 39 ) utilizing the measured response function of the detector and a 0.3-MeV lower threshold. This produces an efficiency-corrected unfolded spectrum. The raw y-ray energy spectra resemble the unfolded spectra very closely as is shown in fig. 8 .
For the 27° data, values of <M > and anisotropy were obtained for both y raw and unfolded data and were found to be identical within experimental uncertainties. Consequently, data from the other angles were not unfolded, and no distinction will be made between raw and unfolded data in the remainder of this paper. transfer is strongly coupled to the energy dissipation process.
Gamma-ray anisotropy
For a perfectly aligned system, the stretched E2 angular distribution 43 ) with respect to the direction of the nuclear spin is given by 5 4 WE
This expression is normalized such that JwE 2 (a)dQ = 4~. For a pure E2
cascade and a perflectly aligned system the anisotropy [WE 2 (90°)/WE 2 (0o)] is infinite.
Measured values of they-ray anisotropy for 0.6 MeV < E < 1.2 MeV are y shown in fig. 9 . This restriction on E enhances the y-ray anisotropy since y this region is strongly enriched in E2 transitions (~90%). For all three particle detection angles, the Q-value dependence of the anisotropy is similar. In the QE-region, the anisotropy rises with increasing Q-value and peaks at a maximum value of ~2.2. In the DI-region, the anisotropy decreases with increasing Q-value and approaches unity at the highest Q-value. The poor statistics of the 31° data is due to the fact that at this angle the QE-region is only weakly populated and that only one combination of detectors provided us with anisotropy data compared to four combinations at the other angles.
Comparing the Q-value dependence of <1> and of the anisotropy, one observes that both the anisotropy and <I> increase through the QE-region, The third t1me region s own in f1g. 0 -0 to 0 sec is dominated by y-ray deexcitation. The experimental observables, namely the y-ray energy spectra, multiplicities, and anisotropies, are generated during this time frame. The magnitude and direction of the fragment spin immediately prior to y-ray emission is determined by the primary and secondary misalignment mechanisms. Thus, in order to study any "primary" depolarization, we rrust understand time frames II and III well enough to relate the observables (time frame III) to effects which occurred during time frame I.
Primary Spin Misalignment Mechanism
The spontaneous fission of fig. 10 . The resulting equilibrium probability distribution for the spin components of the fragments is (6) where the coordinate system is defined such that the z-direction is perpendicular to the reaction plane, and the x-direction is the line between centers at the time of separation.
The variances for the three coordinates are related to the rigid-body moment of inertia (~) for one fragment and the nuclear temperature (T). For a symmetric exit channel and two touching spheres the three variances 
f) Very little charged particle emission is expected, possibly -0.1 a-particle per reaction. According to the model of Blau and Moretto 42 ), this would not significantly affect the results, particularly since any a-particle emission would result in less neutron emission.
Spin Probability Distribution Function
For two equal touching spheres the three variances are approximately equal as indicated by eq. (7):
The variance a~ associated with neutron emission is added in quadrature to the thermally induced aih producing an overall variance The y-ray anisotropy has been measured for several other t 2-6,17-19,2l)h. t· f. l tt I ·t· tf sys ems av1ng asymme nc . 1na s a es. n 1 s presen orm, the model cannot be used to calculate the anisotropy for these systems.
However, these data generally exhibit qualitative features similar to those obtained for the Ho + Ho system. For example, continuum y rays from the system Kr + Er by Puigh et al. 21 ) showed a similar dependence of the anisotropy on Q-value. A peak value of -1.46 was observed for the continuum y-ray anisotropy. This peak value is smaller than that observed for the Ho + Ho system, possibly due to a smaller fraction 24 • 40 ) of stretched E2 transitions being emitted from products from the Kr + Er system. Discrete y-ray transitions from this system yielded larger anisotropies (-2) but with large uncertainties.
Measurements of discrete y rays from the system 16 o + 48 n by Puchta et al. 19 ) revealed a similar trend for the anisotropy vs Q-value. For this light system, a large peak anisotropy (-4) was observed at low Q-values (--30 MeV) which decreased to unity by -50 MeV.
Spin Alignment
The understanding of the degree of spin alignment in terms of the measured anisotropy is somewhat obscured by the highly nonlinear relationship between them. A better insight into the physical situation can be obtained through the evaluation of quantities more directly related to the spin distribution itself. Among them, the most significant are the average aligned component of the spin (<I >), the variance (a 2 ), and the z alignment parameter Pzz defined as In fig. 12 , three different curves of P 22 as a function of Q-value, corresponding to different situations, are shown. The dashed line was calculated including only the effect of thermal misalignment (cr~h ~ 0, 2 an= 0). This curve describes the alignment of the system after the collision process itself and before the decay by neutron emission. The alignment increases rapidly across the quasielastic region and then falls (14) slightly at higher Q-values. This behavior is interpreted as follows: At small Q-values little or no angular momentum goes into intrinsic spin of the fragments, and consequently there is little spin alignment. For more inelastic collisions a progressively larger amount of angular momentum is converted into spin, which is preferentially aligned perpendicular to the reaction plane. For even larger Q-values, the thermal production of randomly oriented components dominates, causing a slow decrease in the alignment.
A similar interpretation applies to the behavior of Pzz after neutron emission (solid curve). Since neutron emission increases the spin misalignment, and the number of emitted neutrons increases with Q-value, the fall of the alignment for large Q-values is more pronounced. This divergence of the two curves at large Q-values reflects the importance of the secondary misalignment in explaining the observed large decrease in the anisotropy across the DI region. It should be noticed that this result is not in contradiction with our previous statement on the relative importance of primary and secondary misalignments. Indeed, for very inelastic events, the neutron emission signficantly decreasesAanisotropy. However, the magnitude of the anisotropy is still controlled by the primary process as discussed in section 5.1 and illustrated in fig. 11 . To make this point clear, the dotted curve in fig. 12 shows the expected values of Pzz if one assumes 2 that neutron emission is the only source of misalignment (crth = 0, cr~ ~ 0). A comparison between the dashed and the dotted curves shows that the thermal process is significantly more effective in destroying perfect alignment.
Further insight into the angular-momentum transfer process is obtained from the behavior of the different spin components as a function of Q-value.
In fig. 13 , curve 1 shows the magnitude of the total spin before neutron emission as deduced from the y-ray multiplicity data. Table 2 Number of statistical transitions above 0. 
